We study the temporal and energy spectral properties of the unique neutron star low-mass X-ray binary XTE J1701-462. After assuming the HB/NB vertex as a reference position of accretion rate, the horizontal branch oscillation (HBO) of the HB/NB vertex is roughly 50 Hz. It indicates that the HBO is independent with the accretion rate or the source intensity. The spectral analysis shows neutron -X-rays: binaries -X-rays: individual (XTE J1701-462) -X-rays: stars -3 -
Lense-Thirring precession was introduced to interpret HBOs in NS LMXBs as well as type C LF-QPOs in BH LMXBs (Stella & Vietri 1998; Stella et al. 1999 ). In this model, the LF-QPOs were arisen from the misalignment between the compact star's spin axis and the rotational axis of the inner accretion disk (Lense & Thirring 1918; Bardeen & Petterson 1975) . Ingram et al. (2009) discussed the possible origin of HBO from hot inner flow precession.
The evolution of accretion rateṁ is studied from the HID of LMXB because it contains the variation of X-ray spectrum and radiation intensity. In BH LMXBs,ṁ increases in the following direction: the Low Hard State (LHS) -the Hard Intermediate State (HIMS) -the Soft Intermediate State (SIMS) -the High-Soft State (HSS) (Kalemci et al. 2006; Belloni et al. 2006 Belloni et al. , 2011 . Meanwhile, the type C LF-QPO was only observed in the HIMS in BH LMXBs. The frequency of type C QPO positively correlates with accretion rate and energy flux . However, the evolution of accretion rateṁ in the NS LMXBs is still controversial in the Cyg-like and Sco-like Z sources. The ascending trend of accretion rate is not always consistent with the source intensity increasing direction in the HIDs. According to multi-wavelength campaigns of the classic Z source Cyg X-2, accretion rate monotonically increases as HB-NB-FB (Hasinger et al. 1990; Vrtilek et al. 1990 ). Based on the boundary layer emission model, Gilfanov & Revivtsev (2005) also foundṁ increasing from the HB to the FB in GX 340+0. However, Church and co-workers (Church et al. 2006 (Church et al. , 2010 applied the extend ADC model for the Cyg-like Z sources and suggested an opposite direction, i.e.,ṁ increases from the FB/NB vertex to the HB/NB vertex. Homan et al. (2002) considered thatṁ maintains constant along Z tracks. For classical Z sources, the frequency of HBO increased from HB to HB/NB vertex. So, three distinct correlations between the accretion rate and the frequency of HBO were proposed, that is, positive correlation, anticorrelation and non-correlation.
The referred sources in the above works were analyzed either in the Cyg-like source or in the Sco-like source. The unique Z source, XTE J1701-462, switched from a Cyg-like Z source to a Sco-like Z source at high luminosity and from Z source to atoll source at low luminosity, which was observed by the Rossi X-ray Timing Explorer (RXTE) during its 2006-2007 outburst. The secular change of XTE J1701-462 was driven by the accretion rate variation. Lin et al. (2009a) studied the spectra evolutions of XTE J1701-462 prudently, and suggested that the accretion rateṁ maintains constant on the NB and FB of Z sources.
While on the HB, the L MCD − T 4/3 MCD correlation biased from the constantṁ line because the disk component encountered a Comptonization upscattering. The constantṁ should be satisfied after the Comptonization component accounted. In GX 17+2, the constanṫ m was also established (Lin et al. 2012) . Homan et al. (2010) indicated that the accretion rate was invariant in the Z sources and the oscillation of accretion rateṁ produced the Z tracks. However, Ding et al. (2011) concluded that the accretion rate of the disk folloẇ
in after considering the magnetic field effect during the accretion.
In previous works, the relation between the spectra parameters and the characteristics of timing variability was not utilized to study the accretion rate variation. XTE J1701-462 provides us a great opportunity to understand the temporal variabilities varying with the accretion rate evolution while the NS LMXB source transited from the Cyg-like, via the Sco-like Z source, to an atoll source. Lin et al. (2012) indicated two exactly opposite disk radius-HBO frequency relations in GX 17+2 when the cutoff power law was replaced by nthComp. In this paper, we will provide a model independent method to study the HBOs' behaviors with decreasing accretion rate.
In Sec. 2, we analyze the public archive data of XTE J1701-462. In Sec. 3, we study the X-ray spectra and timing variabilities of the HB/NB vertices and the NB/FB vertices, and then investigate the energy dependence of the HBO. The discussions and conclusions are displayed in Sec. 4 & Sec. 5, respectively.
Observations
During its 2006-2007 outburst, XTE J1701-462 experienced from a Z source to an atoll source in the X-ray spectral and timing behaviours collected by the the Proportional Counter Array (PCA) instrument on board of RXTE (Remillard 2006) .
Data Selection and Reduction
We used the Heasoft 6.12 package to extract background-subtracted light curves with a 16 s time resolution from the "Standard 2" mode data in Figure 1 . Only data collected by PCU 2 were used. We applied the following standard data selection criteria, a source elevation of > 10
• , a pointing offset of < 0
• .01 and a South Atlantic Anomaly exclusion time of 30 minutes. In order to obtain the CCDs/HIDs from the light curves, we define the soft color as 4.5-7.4 keV/2.9-4.1 keV (channels 10-17/6-9) count rate ratios, and the hard color as 10.2-18.1 keV/7.8-9.8 keV (channels 24-43/18-23) count rate ratios, then define the intensity as count rate covering the energy range 2.9-18.1 keV (channels 6-43). The selected time intervals and observations are list in Table 1 . We constructed two CDs/HIDs from the observation of XTE J1701-462 in Figure 
Timing Analysis
To investigate the HBOs for the Intervals A and B and the HB/NB vertex, we extracted the light curves of channels 0-13, 14-35 and 36-149 from SB 125us 0 13 1s, SB 125us 14 35 1s and E 125us 64M 36 1s, respectively. We merged these three energy bands light curves to obtain channel 0-149 light curves with 1/512 s time resolution.
When the source counts became lower, we extracted the channel 0-149 light curves from E 125us 64M 0 1s mode directly. No dead time correction or background substraction were applied. In order to study the energy dependence of HBOs, we extracted the light curves PCA channels 0-10, 11-13, 14-16, 17-22, 23-35 with 1/512 s resolution from B 2ms 8B 0 35 Q. The choice of energy bands and their centroid energies are listed in Table 2 . We created power density spectra (PDSs) by using 16 s data segments for the full channel 0-149 and all sub-channel light curves. Therefore, the Fourier frequency is in the range 1/16-256 Hz. A multi-Lorentzian model is used to fit the PDS. In Figure 5 , we show the PDS with frequency-times-power representation (νP ν ) of Interval A. In order to obtain the best fitting result, four Lorentzian components are needed (Belloni et al. 2002; . We obtain three characteristic frequencies of PDS, which are the centroid frequency of HBO (ν HBO ), the break frequency of low frequency noise (ν b ) and
(the frequency where the maximum of νP ν occurs, where ∆ is the Full-Width-Half-Maximum (FWHM) of the Lorentzian component), respectively.
Energy Spectral Analysis
We obtained the Stages I-III vertices and intervals A and B spectra with 16 s resolution from Standard 2 model data and added a 0.6% systematic error to each channel. We also extracted the HEXTE data from Cluster B to study the high energy emission mechanism simultaneously. For the HEXTE data, we rebinned the spectra to obtain high S/N ratio.
In the Z stage of XTE J1701-462, Lin et al. (2009a) fitted the spectral with the model wabs(bbodyrad+diskbb+gaussian+CBPL) (in Xspec, hereafter Model I), which accounted for the absorbed black body from the NS surface, the multi-color disk, the iron line, the Comptonized component, respectively. Suggested by Lin et al. (2009a) , we fixed the hydrogen column density and the iron line width at N H = 2 × 10 22 cm −2 and 0.3 keV respectively. For the constrained broken power law (CBPL) model, the break energy is fixed at 20 keV and the low energy photon index is set as 2.5. We assume a 70 degree inclination and the source distance is 8.8 kpc with 15% uncertainty (Lin et al. 2009b Figure 6-9 showed the unfolded spectra of the HB in Intervals A and B. We listed the spectral and timing parameters in Tabel 3 -7. All quoted errors are 90% confidence level.
The fitting results were accounted 15% uncertainty of the distance to the source.
Results

The Spectral States of the HB/NB and NB/FB Vertex
In Figure 4 , the HB/NB and NB/FB vertex of the Z source followed two straight lines in HID. In Figure 10 , we showed the black body component (L BB ) and the multi-color disk component (L MCD ) as a function of total luminosity (L tot ). We obtained similar results as However, L BB descends at the beginning of Stage II. We presented the disk accretion rate versus the inner disk radius in Figure 11 . For the HB/NB vertices, the relation logṀ Disk = (2.90 ± 0.09)logR in − (4.19 ± 0.42) was obtained. However, a more gradual relation was shown for the NB/FB vertices, logṀ Disk = (1.74 ± 0.06)logR in − (2.89 ± 0.06).
The obviously discrepancy of slop indicates that the accretion disk transfers from a slim disk in HB/NB vertex to a standard disk in NB/FB vertex (Lin et al. 2012) . Lin et al. (2009a) suggested that the disk accretion rate of HB/NB vertex could be traced by using 2(L MCD + L CBPL )R in /GM in place of 2L MCD R in /GM to take into account the Comptonization emission in the HB. As we mentioned above, the L CBPL component was ignored because of its faintness. Hereafter, we adopted the disk accretion rate aṡ
The HBO Evolution with Decreasing Accretion Rate
, where we assumed the 1.4M ⊙ for the mass of neutron star anḋ M Edd = 3.24 × 10 −8 M ⊙ yr −1 for the Eddington accretion rate. The maximum ν HBO is 57.2 ± 1.8Hz which located at the Cyg-like stage. The total luminosity/disk accretion rate-ν HBO relation of HB/NB vertex were displayed in Figure 12 . With decreasing accretion rate, the correlation coefficient between the total luminosity and the frequency of HBO is merely 0.36. We used log(ν HBO ) = alog(L tot ) + b to fit the data from Stage 1 and 2 displayed in Figure 12 , and the least squared method was applied. Then we obtained log(ν HBO ) = (0.073
−4.58 . We also discuss whether a constant model can fit better than the above model. We denote the above model as model 1, and log(ν HBO ) =b as model 2. An approach to this question is using F-test. There are n data points (n=23 in our works) to estimate parameters of model 1 and 2. We can calculate F statistic, which is F = (SSR 2 − SSR 1 )/(SSE 2 /(n − 2)), where, SSR i is the regression sum of squares of model i, and SSE 2 is the residual sum of squares of model 2. Assuming the null hypothesis that model 1 does not provide a significantly better fitting than model 2, the statistic F will have F-distribution with degree of freedom of (1, n − 2). For a given false-rejection probability (eg., α = 0.05), the null hypothesis is accepted if the statistic F calculated from our data is less than the critical value of the F distribution, F α (1, n − 2). From our data, F equals to 2.54, which is less than F 0.05 (1, 21) = 4.32. It means that model 1 does not provide a significantly better fit than model 2. So, a constant model fits the data well enough. It means that the total luminosity as well as the disk accretion rate are independent with the HBO. In Figure 13 , we also show that the inner disk radius has no correlation to the ν HBO at the HB/NB vertex.
The ν HBO − R in Relation
We fitted the HB of Intervals A and B with Model I and II simultaneously. Two models provided nearly the same results, which show positive ν HBO − R in relation in Figure 11 .
Within these two models, Lin et al. (2012) 
The Upper Limit of NS Radius in XTE J1701-462
From the energy spectral fitting by Model I, the Box 1 of Interval A had minimum inner radius, which was roughly 11.5 ± 2.3km with 15% distance uncertainty accounted.
Causality, the radius of NS should be smaller than the minimum inner radius in accretion disk system. Therefor, we utilized the minimum inner radius of accretion disk to constrain the upper radius of NS. The deduced inner radius depends on the inclination angle, which could not be directly measured in XTE J1701-462 so far. However, the lack of dips/eclipses in the light curve of XTE J1701-462 provided an upper limit of the inclination angle to a value close to 75 degrees (Lin et al. 2009a ). Here, we plotted the upper limit of NS radius for a wide range of inclination angle in Figure 14 . 
The Flux Dependence of HBO
We studied the HBO-total flux dependence in both Cyg-like phase and Sco-like phase.
The total flux was integrated in the energy range ∼3-60 keV. In Figure 16 , the positive correlations between the frequency of HBO and the total flux were displayed. Compared with the Sco-like phase, the Cyg-like phase showed more complicated correlation, that is, the frequency of HBO increases gradually at lower flux and smoothly at higher flux.
The Energy Dependence of HBO and its rms
In order to investigate the energy dependence of HBO in Interval A, we extracted six sub-bands and one full band lighcurves, and then fitted their PDSs. When the ν HBO is larger than 30 Hz, we could not obtain high signal to noise ratio QPOs in channel 0-10, 11-13 and 36-149. In our analysis, only upper HB regions (i.e., ν HBO < 30 Hz) were returned. The centroid frequency of full band and six subbands were derived. In left panels of Figure 18 , the QPO decreases with increasing photon energy. By using the bootstrap procedure, the correlation coefficients between the HBO frequency and energy 
Discussion
The unique transient NS LMXB XTE J1701-462 emitted from near Eddington luminosity to quiescence. The accretion rateṁ played a leading role in the whole process.
For XTE J1701-462, the NB/FB vertex was considered as reference position to trace accretion rate. However, we could not confirm the strength of accretion rate only from the source intensity in a single Z track. The spectral state should be analyzed simultaneously.
Homan and co-workers (Homan et al. 2002; Lin et al. 2009a Lin et al. , 2012 argued that the accretion rate maintains constant along tracks in Z stage of XTE J1701-462. Ding et al. (2011) considered the consequence of magnetic field during accretion and derived thaṫ
in . In this paper, we simultaneously studied the timing properties and spectral states on the relative regions (the HB/NB vertex and the NB/FB vertex) when the accretion rate decreased.
We implemented a detailed temporal and spectral analysis of the HB/NB vertex and the NB/FB vertex in in . The HB/NB vertices have a slightly steeperṀ Disk − R in relation compared with the NB/FB vertices, which indicate the accretion disk evolves from a slim disk to a standard disk (Lin et al. 2012 ) because of decreasing accretion rate. Since the disk accretion rate is proportional to L MCD R in , the disk accretion rate decreases with the luminosity decaying for the HB/NB vertices. The HB/NB vertices of Stages I and II present near 50 Hz HBOs with luminosity variation. We firstly conclude that the frequency of HBO is independent of the accretion rate or the source intensity, which might be applied in other Z sources. This conclusion is obtained without prior model restriction.
The radius-mass relation of NS can be constrained from Type I x-ray burst (Sala et al. 2012 ), kHz QPO (Zhang 2009 ), X-ray emission of quiescent LMXBs in globular clusters (Guillot et al. 2013; Lattimer& Steiner 2013) , emission lines (Cottam et al. 2002) and so on. In XTE J1701-462, the inner disk radius depends on the inclination angle of the binary system. Although, the inclination angle of XTE J1701-462 has not measured directly until now, we still plot the inner radius versus inclination angle in Figure 14 . When the accretion disk moves closest to the NS, the deduced inner radius must larger than the NS radius. This figure shows the upper limit of NS radius. For 70 degree of inclination angle, the upper limit of NS radius is 11.7 ± 2.3 km, which covers the radius confidence intervals from Type I x-ray burst (Sala et al. 2012 ) and quiescent LMXBs (Guillot et al. 2013 ).
The W-K relation between break frequency and LF-QPO was initially found in the BHs and atoll sources, as well as in Z sources but with a slightly shift (Wijnands & van der Klis 1999) . It spanned nearly three orders of magnitude in frequency. Recently, the accreting millisecond pulsars were also found following this correlation (Belloni et al. 2002; van Straaten et al. 2005) . The W-K relation implies that the similar physical mechanism In BH LMXBs, the energy dependence of Type C QPO shows complicated correlations, i.e., GRS 1915+105 (Qu et al. 2010) , XTE J1550 (Li et al. 2013a ) and H1743-322 (Li et al. 2013b ). In Figure 18 , we studied the energy dependence of HBO in XTE J1701-462. On the HB, the frequency of HPO is anticorrelated with photon energy, which is similar to the BH LMXB GRS 1915+105 with LF-QPOs < 3 Hz (Qu et al. 2010 ). In XTE J1701-462, the HBO frequency is ∼10-55 Hz. We only obtained the HBO frequency-energy relation with HBO < 30 Hz. Because at higher HBO frequency, we could not have high S/N PDS to constrain the HBO properly in some sub-bands. If we have high S/N PDSs above 30
Hz in some other NS LMXBs, more complicated HBO frequency-energy relations could probably appear. Although the mechanism of type C QPO frequency-energy relation is still not known yet, the difference between the BH LMXBs and NS LMXBs may due to two reasons. The first is the affection of emission from NS surface which can cool down the corona comparable to the disk emission. The second is the central mass dependence of characteristic frequencies in the accretion flow as suggested by Sunyaev & Revnivtsev (2000) .
In the right panels of Figure 18 , the rms of HBO increases with photon energy, from ∼ 5% in 2-4.5 keV to ∼ 15% in 9.4−14.8 keV, which indicates that the higher energy photon provide more contribution of HBO. From our fitting results, the temperature of black body from NS surface is about 2.6 keV and the temperature of multi-color disk is about 1.7 keV, which are much less than ∼ 10 keV of the maximum rms of HBO occurring. The amplitude of HBOs as well as hard color dropped from upturn to HB 
Conclusion
We study the HBOs of XTE J1701-462 with decreasing accretion rate in the HB/NB vertex. We conclude that the HBO in XTE J1701-462, unlike the type C LF-QPOs in BH LMXBs, is independent with accretion rate. In other word, the ascending of HBO is not representing the accretion rate increasing. We also find that the anti-correlation relation between the frequency of HBO and its centroid energy. The energy dependence of HBO implies that the higher QPO produced a disk moves away from the NS. Both the Cyg-like phase and the Sco-like phase follow the W-K relation which are presumably caused by the same mechanism. The derived R in − ν HBO relations contradict the prediction of Lense-Thirring precession. We conclude that the HBO may origin from the corona.
We appreciate the referee's insightful suggestions and comments which improve Table 3 . The spectral fitting results of Intervals A and B by using Model I. 8.71 ± 0.72 58.30 ± 1.14 3.9 ± 2.97 58.33 ± 0.54 − ν b , and νc are the break frequency and centroid frequency in νPν presentation of PDS, respectively. νc = (ν HBO ) 2 + (∆/2) 2 , where, ν HBO is the HBO and ∆ is the Full-Width-Half-Maximum of HBO. Table 6 . Results of timing analysis of HB/NB vertices in Stages I and II.
Stage I 8.7 ± 2.1 53.0 ± 2.6 10.1 ± 5.3 53.2 ± 1.5
10.1 ± 2.1 50.9 ± 1.6 6.3 ± 4.0 51.0 ± 0.9
9.3 ± 1.9 57.2 ± 1.8 5.3 ± 3.6 57.3 ± 0.9
15.7 ± 5.0 51.3 ± 1.4 6.4 ± 3.5 51.4 ± 3.6 7.7 ± 2.3 50.0 ± 4.1 5.3 ± 6.4 50.1 ± 5.0
11.1 ± 1.9 50.1 ± 2.0 5.5 ± 4.6 50.2 ± 2.4
18.2 ± 2.7 51.0 ± 1.5 9.2 ± 3.6 51.3 ± 1.0 11.6 ± 1.5 49.4 ± 2.5 11.9 ± 7.1 49.7 ± 1.3 8.9 ± 1.3 51.8 ± 2.5 14.2 ± 5.6 52.3 ± 1.4
Stage II 12.7 ± 2.4 48.3 ± 3.1 1.8 ± 0.6 48.4 ± 1.5
8.1 ± 4.4 44.9 ± 5.5 5.8 ± 1.6 45.0 ± 0.8 10.9 ± 1.1 50.5 ± 1.4 10.0 ± 0.6 50.7 ± 0.9
12.4 ± 1.0 52.6 ± 2.2 13.7 ± 2.4 53.0 ± 1.5
10.6 ± 1.2 52.5 ± 2.3 7.2 ± 2.5 52.6 ± 3.9
11.5 ± 3.2 44.1 ± 0.6 3.7 ± 0.4 44.2 ± 0.4
13.2 ± 2.0 48.4 ± 1.3 4.2 ± 3.6 48.4 ± 0.6 10.1 ± 2.2 49.2 ± 2.0 7.7 ± 5.1 49.3 ± 1.2 8.7 ± 1.8 46.9 ± 0.7 2.9 ± 2.2 46.9 ± 0.4 7.8 ± 1.0 43.4 ± 2.2 3.9 ± 1.1 43.5 ± 1.1 8.5 ± 1.0 51.1 ± 1.7 4.9 ± 2.5 51.2 ± 0.7 9.6 ± 1.1 47.6 ± 2.2 3.3 ± 1.1 47.7 ± 0.9 Table 7 . Results of spectral and timing analysis of HB/NB vertex in Stage I. Only data with detected QPO are listed here. Following Lin et al. (2009a) , three stages were divided. Stage I belongs to the Cyg-like Z source, stage II-III belong to the Sco-like Z source. The "A" and "B" mark the time intervals for our detailed temporal and spectral analysis. Table 1 . Each dot represents 16 s data from PCU2 with background-subtracted data. The soft color is defined as 4.5-7.4 keV/2.9-4.1 keV (channels 10-17/6-9) count rates ratio and the hard color is defined as 10.2-18.1 keV/7.8-9.8 keV (channels 24-43/18-23) count rates ratio. 
